Objective: Recent reports demonstrated that low-frequency repetitive transcranial magnetic stimulation (rTMS) over the unaffected hemisphere improved the affected hand function in chronic stroke patients. We investigated whether 1 Hz rTMS improved the motor learning of the affected hand in patients after stroke. Design: A double-blind study. Patients: Twenty patients with chronic subcortical stroke. Methods: The patients were randomly assigned to receive either a sub-threshold rTMS over the unaffected hemisphere (1 Hz, 25 minutes) or sham stimulation, and all patients performed a pinching task after stimulation. We evaluated the motor function of the affected hand and the excitatory and inhibitory function of the affected motor cortex by transcranial magnetic stimulation. Results: Compared with sham stimulation, rTMS induced an increase in the excitability of the affected motor cortex (p < 0.001) and an improvement in acceleration of the affected hand (p = 0.006). Moreover, the effect of motor training on pinch force was enhanced by rTMS (p < 0.001). These improvement in the motor function lasted for one week after rTMS and motor training (p < 0.001). Conclusion: rTMS improved the motor learning of the affected hand in patients after stroke; thus, it can apply as a new rehabilitation strategy for patients after stroke.
INTRoduCTIoN
Functional recovery after stroke is related to various plastic processes leading to central nervous system reorganization (1) (2) (3) (4) . Various concepts are emerging that aim to enhance the beneficial plasticity and thus improve functional recovery (3, 5) . However, it is necessary to develop strategies for improving the beneficial effects of neuro-rehabilitative treatments.
Recent reports demonstrated that low-frequency repetitive transcranial magnetic stimulation (rTMS) over the motor cortex of the unaffected hemisphere improved the motor function of the affected hand in patients after chronic stroke (6) (7) (8) . Inhibition of the excitability of the unaffected hemisphere by rTMS at 1 Hz would decrease the transcallosal inhibition (TCI) from the unaffected to the affected hemisphere and increase the excitability of the affected hemisphere; this ultimately would translate into improved motor function of the affected hand (7) . This study was based on the hypothesis that the unaffected hemisphere is disinhibited due to a reduction in the TCI from the affected hemisphere. Consequently, this disinhibited, unaffected hemisphere may increase the TCI to the affected hemisphere and impair the function of the affected hand (4, 9, 10) .
It was thought that the application of rTMS at 1 Hz over the unaffected hemisphere may be useful as a new rehabilitation therapy for stroke patients (6) (7) (8) . However, in a previous study, a continuous improvement in the motor function could not be induced by using only a single rTMS (7) . Therefore, for rehabilitation of patients after stroke, it may be important to impart additional motor training or use neuropharmacological intervention while the changes are being generated by rTMS; this would improve the motor function. In particular, motor training after rTMS appears to be an attractive approach for enhancing motor recovery. Modulating the activity of a given neural network by rTMS may render the system more receptive to the motor learning process, thereby enhancing its efficacy (7) . However, to our knowledge, no studies have investigated the effects of motor training combined with 1 Hz rTMS over the unaffected hemisphere in patients after stroke. Therefore, we studied whether the combination of rTMS at 1 Hz over the unaffected hemisphere and motor training could improve the function of the affected hand in patients after stroke.
MeTHodS

Subjects
The study population comprised 20 patients after stroke (mean age 62.3 (standard deviation (Sd) 8.4) years (Table I) The exclusion criteria were as follows: (i) severe internal carotid artery stenosis; (ii) seizure; and (iii) an intracranial metallic implant. The patients were randomly assigned to 2 groups: the rTMS group (10 patients) and the sham group (10 patients). The former received real rTMS, while the latter received sham stimulation. All subjects gave their written informed consent, and the study protocol was approved by the local ethics committee of the Hokkaido university Graduate School of Medicine.
Experimental design
The measurements for assessing the motor function (acceleration and pinch force) were performed at pre-rTMS (Pre-rTMS) and post-rTMS (Post 1, immediately after the rTMS; Post 2, after motor training; and Post 3, 7 days after rTMS). The parameters of transcranial magnetic stimulation (TMS) (i.e. resting motor threshold (rMT), amplitude of motor evoked potentials (MePs), and intracortical inhibition (ICI)) were evaluated at Pre-rTMS, Post 1 and Post 3. We did not evaluate the rMT, MePs and ICI values immediately after motor training (Post 2) because the motor performance modulates the excitability of the motor cortex and ICI (11) . It took 3 min to assess the motor function and 10 min to measure TMS parameters. Fig. 1 shows the time course of the experiment.
TMS parameters
Single pulse TMS was performed using a 70-mm figure-8 coil and Magstim 200 (Magstim Co., dyfed, uK), and rTMS was applied using the same coil and a Magstim Rapid stimulator (Magstim Co.). The coil was placed tangentially over the motor cortex at an optimal site for the first dorsal interosseous (FDI) muscle. The optimal site was defined as the location where stimulation at a slightly suprathreshold intensity elicited the largest MePs in the FdI. This position was marked on the scalp and used throughout the experiment. electromyographic (eMG) activity was recorded using silver-silver chloride (Ag-AgCl) electrodes positioned in a belly-tendon montage on the skin overlying the FDI. The signal was amplified, filtered (50-2000 Hz), and digitized at a sampling rate of 5000 Hz for off-line analysis (Neuropack; Nihon Koden, Tokyo, Japan). The rMT was determined separately for each stimulator and defined as the lowest stimulator output that could produce MePs with a peak-to-peak amplitude greater than 50 µV in at least half of the 10 trials. The peak-to-peak amplitude of 10 averaged FdI responses obtained at 120% intensity of the rMT was also determined using Magstim 200.
Paired-pulse stimulation was performed to investigate the ICI in the affected motor cortex (12) . To apply paired pulses, a figure-8 coil was connected to a Bistim device (Magstim Co.) that triggered 2 magnetic stimulators. The stimulus intensity of the first conditioning shock was 80% of the rMT and that of the second pulse was 120% of the rMT. We performed the tests at inter-stimulus intervals (ISIs) of 2 and 3 ms. Ten trials were recorded for each ISI, and unconditioned trials (controls) were recorded during complete relaxation. The paired stimulation with each ISI was randomly mixed with the control stimulation. The MeP amplitudes obtained by paired-pulse stimulation were expressed as a percentage of the mean control MeP amplitude, and the ICI was then calculated by averaging these values. We obtained ipsilesional TMS data from 11 patients (6 patients, rTMS group; 5 patients, sham group). We excluded other patients who did not display an MeP of the affected hemisphere from the ipsilesional TMS study section, i.e. patients in whom an MeP was not induced even at 100% stimulator output (4 patients, rTMS group; 5 patients, sham group).
rTMS and motor training rTMS was applied over the motor cortex of the unaffected hemisphere at a frequency of 1 Hz and a stimulus intensity of 90% rMT measured with Magstim Rapid for 25 minutes (1500 pulses). These rTMS protocols used in the present study were in accordance with the safety guidelines for rTMS application to the motor cortex (13) . Sham stimulation was applied over the unaffected hemisphere by positioning the coil perpendicular to the scalp (14) and at the same frequency and intensity used for real rTMS. After rTMS, the patients performed a pinching task for 15 min as motor training, as described in a previous report (15) . during the pinching task, the patients were asked to perform a metronome-paced pinch of their index finger and thumb of the affected hand as fast as possible (frequency individualized between 0.3 and 0.5 Hz).
Evaluation of motor function
For assessing the motor function, we determined the pinch force and acceleration. The maximum pinch force of the affected hand was determined using a pinch gauge (Pinch Meter SPR-641; Sakai Medical, Tokyo, Japan). The subjects were instructed to use only their thumb and index finger during the pinch force measurements. Ten pinch forces were averaged in each session. Movement acceleration was measured using an accelerometer (model MP110-10-101; Medisens, Sayama, Japan) that was firmly attached to the dorsal side of the proximal phalanx of the thumb. The signal was amplified with a power signal conditioner (model MP110-10-301; Medisens) and digitized at 2000 Hz with a personal computer using a CB-68LPR board (National Instruments, Austin, TX) and LabView software (National Instruments). Fifteen peak accelerations were averaged in each session. The patients were allowed to familiarize themselves with this motor evaluation method on the day before the rTMS experiment.
Data analyses
data analysis was performed by an investigator blinded to the stimulation type. The data (age, duration after stroke, Fugl-Meyer scale (16) , and rMT) were compared between the rTMS and sham groups by using Student's t-test. The effects of motor training or rTMS were evaluated using an analysis of variance (ANoVA) for repeated measures with TIMe as a within-subjects factor and CoNdITIoN (rTMS and sham) as a between-subjects factor. A post-hoc analysis was performed with Bonferroni correction. Any possible correlation between the changes in various parameters was determined by Pearson's correlation coefficient test as an exploratory analysis. All data were normalized by conversion to percentage change from the mean values of Pre-rTMS.
ReSuLTS
The subjects did not report any adverse effects during the course of the study. No difference was observed between the rTMS and sham groups with regard to the rMT (unaffected hemisphere: mean 46.9 (Sd 9.0) vs 49.4 (Sd 11.4) %; affected hemisphere: mean 62.2 (Sd 12.3) vs 65.6 (Sd 16.3) %), age, the duration after stroke, or Fugl-Meyer scale (Table I) . Fig. 2 shows the motor function after rTMS and motor training. A repeated measures ANOVA showed a significant interaction between TIMe and CoNdITIoN with respect to acceleration (F 3,54 = 3.126, p = 0.033) and pinch force The acceleration tended to increase after motor training; however, the effect of motor training on acceleration was not significant (Post 1 vs Post 2: p = 0.085).
The post-hoc test did not show any significant improvement in pinch force immediately after rTMS (Pre-rTMS vs Post 1: p = 0.061). However, the motor training after rTMS improved the pinch force (Pre-rTMS vs Post 2: p < 0.001; Post 1 vs Post 2: p = 0.020). This improvement in pinch force also lasted for one week after rTMS (Pre-rTMS vs Post 3: p < 0.001). In the sham group, the motor function increased after motor training; however, the effect was not significant (Pre-rTMS vs Post 2: acceleration, p = 0.067; pinch force, p = 0.107). Fig. 3 shows the corticospinal excitability after rTMS. A repeated measures ANoVA for contralesional and ipsilesional MEPs showed a significant interaction between TIME and CoNdITIoN (contralesional: In the rTMS group, the improvement in the motor function after rTMS (Post 1) or motor training (Post 2) showed no significant correlation with the age of the subject, duration after stroke, the Fugl-Meyer scale, or the changes in ipsilesional MePs and ICI. dISCuSSIoN This study reports that non-invasive cortical stimulation using rTMS over the unaffected hemisphere can improve the motor learning of the affected hand in patients after stroke. These results demonstrate that priming by rTMS enhances the motor training effect of improving the affected hand function in patients after stroke.
We found that rTMS at 1 Hz over the unaffected hemisphere reduced the corticospinal excitability of this region; this result is in agreement with a previous report (17) . Moreover, rTMS increased the corticospinal excitability of the affected hemisphere. This result is also consistent with that of a recent study (8) . A previous study demonstrated that rTMS at 1 Hz over the unaffected hemisphere induced a decrease in the TCI from the unaffected hemisphere to the affected hemisphere (7) . Therefore, rTMS at 1 Hz can facilitate the excitability of the affected hemisphere by reducing the TCI from the unaffected hemisphere. The enhancement of excitability in the motor cortex appears to be a necessity for motor learning (18) . The motor cortex in humans is particularly engaged during the early stage of motor consolidation (19) . Moreover, several studies have demonstrated that motor cortical plasticity depends on the motor cortex activation history (20) (21) (22) . Based on these findings, the increased excitability of the affected motor cortex immediately after rTMS may contribute to a more suitable environment for the reorganization of the affected motor cortex by motor learning. Although the excitability of the affected hemisphere returned to baseline levels, the improvement in motor function continued for one week. Many studies have also reported that the acute effect of rTMS lasted for tens of minutes, as much as the stimulation period (23) (24) (25) . Therefore, for improvement in motor function, it might be important that motor learning induced reorganization while the excitability of the affected motor cortex increased after rTMS. By another mechanism, rTMS over the unaffected hemisphere might reduce the disinhibition of the affected hemisphere, which was induced by the disruption of the TCI. A decrease in the inhibition unmasks the pre-existing, functionally latent neural networks around the lesion, thereby contributing to cortical reorganization (1). Kobayashi et al. (26) have reported that rTMS over the motor cortex induced disinhibition of the contralateral motor cortex. The disinhibition of the affected motor cortex may partly contribute to the functional improvement in the affected hand by unmasking the latent networks. However, we could not detect a change in the ICI of the affected motor cortex after rTMS. This hypothesis needs to be investigated using a larger number of stroke patients. In patients after chronic stroke, the unaffected motor cortex might inhibit the motor performance of the affected hand via an abnormal TCI from the unaffected motor cortex to the affected motor cortex (7, 9) . Several studies have suggested that the downregulation of the unaffected motor cortex results in an improvement in the motor function of the affected hand in patients after chronic stroke (6) (7) (8) 27) . However, in patients after acute stroke, it is speculated that increased inhibitory input from the unaffected to the affected hemisphere might control the perilesional activity and reduce oxygen and glucose demands in the stroke penumbra in order to limit the extension of the lesion (2). Therefore, rTMS at 1 Hz over the unaffected hemisphere in acute stroke patients might lead to a poor prognosis due to the induction of an increase in neuronal death. Moreover, rTMS at 1 Hz over the unaffected hemisphere might induce the activation of the compensatory neural pathways, and ultimately, this activation might never result in a complete recovery. Further investigations are required to determine whether a low-frequency rTMS can promote recovery in acute stroke. Another concern of this study needs to be addressed. In this study, we selected patients with a better hand function who could perform pinching tasks and motor training. Moreover, the patients' lesion was subcortical infarction only. Therefore, this study might have a decreased external validity due to the homogeneous nature of the experimental population. This fact encourages future studies to investigate other stroke populations with different stroke types and clinical characteristics.
A previous study reported that rTMS without motor training improved acceleration for not more than 30 min and that it did not modulate the pinch force (7) . However, the combination of a previously reported rTMS protocol and motor training prolonged the improvement in acceleration for 7 days. In addition, motor training after rTMS at 1 Hz induced an increase in the pinch force that was not improved by rTMS alone. Fregni et al. (8) demonstrated that the effects of rTMS in patients after stroke were cumulative and lasted for at least 2 weeks. Therefore, rTMS may be important in rehabilitation of patients after stroke -to impart additional motor training while the changes are being generated by rTMS at 1 Hz and to conduct rTMS cumulatively; this would sustain the effect of rTMS and improve the function of the affected hand.
In conclusion, our results demonstrated that the combination of rTMS over the unaffected hemisphere and motor training could lead to an improvement in the motor function of the affected hand of patients after chronic stroke. These findings will probably be pertinent to the design and optimization of neurorehabilitation strategies for patients after stroke.
